The role of c-Myc in estrogen regulation of vascular endothelial growth factor (VEGF) and of the vasculature function has been investigated in breast cancer cells and tumors. The studies were performed on MCF7 wild-type cells and MCF7-35im clone, stably transfected with an inducible c-Myc gene. In vitro and ex vivo methods for investigating molecular events were integrated with in vivo magnetic resonance imaging of the vascular function. The results showed that the c-Myc upregulation by estrogen is necessary for the transient induction of VEGF transcription; however, overexpression of c-Myc alone is not sufficient for this induction. Furthermore, both c-Myc and the activated estrogen receptor a (ERa) were shown to co-bind the VEGF promoter in close proximity, indicating a novel mechanism for estrogen regulation of VEGF. Studies of long-term estrogen treatment and overexpression of c-Myc alone demonstrated regulation of stable VEGF expression levels in vitro and in vivo, maintaining steady vascular permeability in tumors. However, withdrawal of estrogen from the tumors resulted in increased VEGF and elevated vascular permeability, presumably due to hypoxic conditions that were found to dominate VEGF overexpression in cultured cells. This work revealed a cooperative role for ERa and c-Myc in estrogen regulation of VEGF and the ability of c-Myc to partially mimic estrogen regulation of angiogenesis. It also illuminated the differences in estrogen regulation of VEGF during transient and long-term sustained treatments and under different microenvironmental conditions, providing a complementary picture of the in vitro and in vivo results.
Introduction
Tumor angiogenesis is a highly complex process, involving various activating and suppressive factors, including the family members of vascular endothelial growth factor (VEGF; Yancopoulos et al. 2000 , Dvorak 2002 , Hicklin & Ellis 2005 . VEGF is a highly specific mitogen for vascular endothelial cells, inducing proliferation and migration of these cells and forming new capillaries by sprouting. VEGF is also known to augment capillary permeability and, therefore, was originally termed vascular permeability factor (Dvorak 2002 ). The expression of VEGF is regulated by a variety of effectors, including hypoxiainduced factors, growth factors, hormones, oncogenes, and cytokines (Loureiro & D'Amore 2005) . Although evidence has been accumulating concerning estrogen regulation of VEGF in breast cancer, the findings are still controversial and the underlying mechanism remains unclear (Hyder 2006) .
To better understand how estrogen regulates VEGF in breast cancer, it is necessary to elucidate the cascade of molecular events downstream of the estrogen receptors a and b (ERa and ERb). Both receptors mediate the activity of estrogen in a variety of normal and malignant cells and tissues, with the levels of the two receptors being highly diverse (Nilsson et al. 2001) . Most breast cancers express both ERs; however, ERa appears to be the predominant form in breast tumors associated with estrogenic stimulation of gene expression and cell proliferation (Jarvinen et al. 2000 , Kurebayashi et al. 2000 , Palmieri et al. 2002 , whereas ERb appears to exhibit growth suppressive effects (Frasor et al. 2003 , Strom et al. 2004 .
One likely candidate that is stimulated by estrogen and may serve as a 'master key' regulator in breast cancer is the c-Myc proto-oncogene that encodes the c-Myc transcription factor. Estrogen has been shown to activate c-Myc expression in ERa-positive human breast cancer cells through its enhanced transcription (Dubik & Shiu 1988 , 1992 . Recent extensive studies have clearly demonstrated the predominance of c-Myc as a target of estrogen action and its role as a mediator of estrogen effects on cell growth . Furthermore, inducible expression of c-Myc was shown to be sufficient for overriding antiestrogeninduced cell growth arrest (Prall et al. 1998) and to partially restore proliferation of cells maintained in estrogen free medium (Venditti et al. 2002) . These results indicated that induction of c-Myc expression is sufficient to confer resistance to antiestrogen treatment.
Activation of c-Myc alone is known to promote cell growth and proliferation, inhibit differentiation, and sensitize cells to apoptosis (Dang et al. 1999) . Indeed, overexpression of c-Myc is often associated with aggressive, poorly differentiated tumors (Liao & Dickson 2000 , Pelengaris et al. 2002 . Recent studies also indicated that VEGF expression levels are also controlled by c-Myc (Barr et al. 2000 , Knies-Bamforth et al. 2004 and that c-Myc is essential for angiogenesis (Baudino et al. 2002) . Other studies have revealed that c-Myc plays a central role in the angiogenic switch in tumors (Knies-Bamforth et al. 2004 , Shchors et al. 2006 .
The well-established estrogen regulation of c-Myc via ERa, and the role of c-Myc in angiogenesis led to the hypothesize that c-Myc mediates the estrogenic regulation of VEGF in breast cancer. In the present study, we tested this hypothesis in vitro and in vivo and characterized estrogen regulation of VEGF under different protocols of estrogen treatment and varying environmental conditions. In addition, we examined whether c-Myc alone can also regulate VEGF and vascular function in breast cancer. In order to differentiate between estrogen upregulation of c-Myc through ERa and induction of c-Myc alone, we concentrated on investigating MCF7 human breast cells, stably transfected with a tetracycline (Tet)-inducible c-Myc gene -MCF7-35im (Venditti et al. 2002) . We further confirmed the in vitro results using MCF7 wild-type (WT) cells. Taken together, our studies revealed a cooperative involvement of ERa and c-Myc in mediating estrogen regulation of VEGF expression and function as a permeability factor in breast cancer cells and tumors. They also show that long-term overexpression of c-Myc alone can partially mimic estrogen regulation of VEGF, suggesting an additional mechanism for antiestrogen resistance.
Materials and methods

Cells
MCF7-WT human breast cancer cells were routinely cultured in DMEM supplemented with 6% fetal bovine serum (FBS), 4 mM glutamine, and 0.1% combined antibiotics. Human breast cancer MCF7-35im cloned cells were kindly provided by Dr Robert Shiu, University of Manitoba, Winnipeg, Canada. The stability of the Tet inducible c-Myc gene in these cells was confirmed following the report of Venditti et al. (2002) . These cells were routinely cultivated in DMEM supplemented with 10% FBS, 4 mM glutamine and 0.1% combined antibiotics. For hormonal manipulation experiments the above described cells (70% confluent) were initially primed twice in a medium containing phenol red-free DMEM supplemented with dextran-coated charcoal-stripped FBS (DCC; 6% for MCF7-WT and 10% for MCF7-35im), 4 mM glutamine and 0.1% antibiotics. Hereinafter, we use the abbreviation DCC for describing this estrogen-free medium.
Treatments of cells and protein analysis
Cells cultivated for hormonal manipulation as described above in DCC medium were treated with 17b-estradiol (E 2 ; Sigma-Aldrich), prepared from an aqueous stock solution containing 0.1% ethanol. Upregulation of c-Myc transcription was induced in MCF7-35im cells incubated for 16 h in DCC containing Tet (doxocycline, 2.5 mg/ml; SigmaAldrich) prior to further treatments.
In the long-term E 2 treatment and withdrawal experiments, cells were cultured in DCC medium supplemented with 30 nM E 2 for 2 days. Then, the cells were divided into three groups: 1) withdrawal of E 2 and cultivation in DCC (EWD), 2) continue DCC medium supplemented with E 2 , and 3) withdrawal of E 2 and addition of Tet. The cells in each group were harvested and analyzed after 3, 4, 5, and 7 days of treatment. Hypoxia-induced changes were investigated in cells cultivated for 2 days in DCC supplemented with E 2 (30 nM). Then, the cells were divided into three groups: EWD; E 2 ; and Tet, and were cultivated for additional 4 days. The cells in each group were incubated for 14 h before the harvest under hypoxic conditions in an anaerobic jar containing Anaerocult A filter (Merck), or under normoxic conditions. Total protein was extracted by incubation of cells in RIPA lysis buffer supplemented with fresh dithiothreitol, for 15 min. After centrifugation the soluble fraction was collected. Samples were resolvedon 10% SDS-polyacrylamide gels, and were then analyzed by western blot. Quantitation of the gels was performed relative to a reference gene. Antibodies for western blot were themouse anti-human c-Myc (clone 9E10, sc-40; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-human ERa antibody (clone 6F11; Novocastra Laboratories, Newcastle, UK), chicken polyclonal to ERb (ab14021, Abcam, Cambridge, UK), and anti-a-tubulin (clone DM-1A, Sigma-Aldrich, St Louis, MO, USA) as a reference for loading.
RT-PCR
Total RNA was isolated using the Versagene RNA cell kit (5 0 , former Gentra Systems, Minneapolis, MN, USA). RNAwas quantified by u.v. absorption using a Nanodrop ND-1000 spectrophotometer (Nanodrop Thermoscientific, Wilmington, DE, USA). cDNA was synthesized with oligo(dT) primers using a Dynamo cDNA synthesis kit (Finnzymes, Espoo, Finland) . Real time (RT)-PCR was performed using the following primers, specific to VEGF-165: sense, 5 0 CACCAA-GGCCAGCACATAGGA3 0 ; anti-sense, 5 0 AGG-CCCACAGGGATTTTCTTGT3 0 . For the control housekeeping gene, we used the b2 microglobulin: sense, 5 0 ATTCAGGTTTACTCACGTCATCCA3 0 ; anti-sense, 5 0 GAGATAGAAAGACCAGTCCTT-GC3 0 . Quantitation of gels was performed relative to the reference gene.
siRNA Validated double-stranded siRNA oligonucleotidesand reagents were purchased from Dharmacon Research (Thermo Fisher Scientific, Lafayette, CO, USA) (SMARTpool siRNA reagent, Dharmacon Catalog #M-003282-04 for c-Myc and #L-003402 for ERb). The siRNAs were assessed for their ability to downregulate the specific protein expression, as compared with a supplied control siRNA. Cells were transfected using DharmaFECT 4 transfection reagent (Dharmacon) for 48 h according to the procedure provided by the manufacturer. On the following day, the transfected cells were treated for 6 h in E 2 -containing medium or in DCC medium and then collected and analyzed.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) and ChIP re-immunoprecipitation assays were performed following the detailed protocol by Shang et al. (2000) . Immunoprecipitation was performed with specific primary antibodies (anti-human c-Myc monoclonal antibody (clone 9E10, Santa Cruz Biotechnology) or anti-human ER monoclonal antibody (MAB447, Chemicon, Billerica, MA, USA) bound to Protein G plus agarose beads (Santa Cruz Biotechnology). The association of c-Myc and ERa with the VEGF was measured by PCR, using specific primers amplifying a 500 bp DNA fragment from the immunoprecipitated DNA template (VEGF promoter forward primer: 5 0 GGAAATTGCTGCATTCCC-ATTC3 0 and VEGF promoter reverse primer:
Tumors
All animal procedures were approved by the Institutional Animal Care and Use Committee of the Weizmann Institute of Science. Female immunodeficient mice (CD1-Nude), 6 weeks old, were obtained from the Weizmann Institute colony. One to 2 weeks later, the mice were ovariectomized and E 2 pellets (0.72 mg/pellet, 60 day release time; Innovative Research of America, Sarasota, FL, USA) were implanted underneath the back skin. Three days later, MCF7-35im cells were inoculated into the mammary fat pad (10 7 cells in 0.2-0.3 ml PBS). On day 23-25 after inoculation the mice were randomly divided into three groups and were subjected to the following treatments: 1) continued E 2 treatment through release from the originally implanted E 2 -pellets (nZ8), 2) EWD achieved by surgically removing the E 2 pellet from the back skin by a minimal cut (nZ8), and 3) E 2 withdrawal and Tet induction of c-Myc expression (nZ6). The Tet induction in the third group was achieved by supplementing the drinking water with 500 mg/l Tet (Tevacycline, Teva, Petach Tikva, Israel) and 30 g/l sucrose, maintaining this solution in lightprotected bottles. After 2 days of adjustment of the mice to the various treatments, the tumors were sequentially scanned by magnetic resonance imaging (MRI), each 1-4 times within 20 days of continuous treatment. The dynamic datasets were analyzed pixel-by-pixel according to a physiological model, as previously described (Furman-Haran et al. 1997 , Tofts 1997 . Image analysis yielded the influx transcapillary transfer constants K trans , which is the volume transfer constant between blood plasma and the interstitial space, and the efflux transfer rate constant between the interstitial space and blood plasma, k ep . Both the transfer constants are predominantly determined by the product of vascular permeability and vascular surface area; the efflux transfer constant is also inversely proportional to the extracellular volume fraction (Tofts et al. 1999) .
Immunohistochemistry
The anesthetized mice were perfused with saline prior to the removal of the tumors. The removed tumors were stained with color (The Davidson Marking System, Bradley Products, Bloomington, MN, USA) to indicate orientation with reference to the MRI image. Tumors were fixed by submersion in 1% formaldehyde for 24-48 h and then embedded in paraffin and sectioned parallel to the plane of the MR images (4 mm slices for histological and immunostaining studies and 7 mm for in situ hybridizations). The slices were stained with hematoxylin-eosin or by immunostaining with anti-ER antibody (6f11, Novocastra) or with anti-VEGF polyclonal antibody (sc-152, Santa Cruz Biotechnology), as well as for CD31 (MEC13.3, BD Pharmingen, Franklin Lakes, NJ, USA). Details of immunostaining are described in the supplementary material. All negative controls (without the primary antibody) did not show staining. Sectioned stained for ERa and VEGF were graded in viable areas of the tumors, in six different tumors of each group, using three levels, of 1, 2 or 3 (from low to high staining) according to the staining intensity. Vessels' density was quantified by calculating the percentage of the area stained for CD31, using Image-Pro Plus 4.5 software (Media Cybernetics, Bethesda, MD, USA).
Statistical analysis
Statistical significances between the results of various treatments relative to those obtained in untreated cells cultivated in DCC medium (western blots and RT-PCR results) were calculated using Student's t-test. The values of the transcapillary transfer constants derived from analysis of the MRI datasets showed a skewed distribution around the mean; therefore, these values are presented as medianGS.E.M., of each group of tumors, with a box chart determined by the 25th and 75th percentiles. Statistical differences between the transcapillary transfer constants were analyzed by ANOVA, together with Dunnet's multiple comparison tests. (Fig. 1) . The level of VEGF mRNA increased within 1-2 h after E 2 treatment, reaching a maximum at about 2-6 h, and declining at 24 h. A similar transient induction was found for a range of E 2 concentrations (1-30 nM), confirming earlier reports of E 2 induction of VEGF in various human breast cancer cells (Ruohola et al. 1999 , Maity et al. 2001 , Buteau-Lozano et al. 2002 , Stoner et al. 2004 .
Results
Estrogen transient induction of VEGF and c-Myc
The induction of c-Myc by E 2 exhibited a time course that correlated with the transient E 2 -induced increase in VEGF mRNA levels in the cells (Fig. 1B) . In parallel, ERa protein level gradually declined within 24 h of E 2 treatment due to enhanced degradation, known to occur upon E 2 signaling (Reid et al. 2003; Fig. 1C) .
Treatment with the pure ERa antagonist ICI 172 870 alone (fulvestrant, 3 mM) did not affect VEGF mRNA and c-Myc levels but reduced ERa level, in agreement with previously reported studies in these cells (Ruohola et al. 1999 , Takei et al. 2002 , Venditti et al. 2002 , Long & Nephew 2006 .
To check whether ERb receptor has a role in this pathway, we knocked down ERb by specific siRNA in Hence, it appears that estrogen regulation of VEGF in ER-positive cells that naturally express low levels of ERb is predominantly mediated through ERa, and the effect of ERb is negligible.
It was previously shown that E 2 induction of VEGF mRNA in MCF7 cells is followed by induction of VEGF protein accumulation (Ruohola et al. 1999 , Maity et al. 2001 , Buteau-Lozano et al. 2002 . As a result of VEGF secretion and fast diffusion into the culture medium, and the high fraction of medium relative to the intracellular volume, the time course of VEGF level in the medium is slow, reaching peak level w24 h after treatment initiation. This slow time course reflects VEGF accumulation rather than production and lags behind the time courses of E 2 -induced proteins that remained in the intracellular compartment. We, therefore, concentrated in the following experiments on characterizing the intracellular mRNA expression of VEGF.
We next examined whether c-Myc-induction by E 2 is necessary for VEGF stimulation using a small interfering RNA (siRNA) for c-Myc. A significant reduction in c-Myc level was shown to occur in cells transfected with siRNA for c-Myc as compared with the corresponding control siRNA transfected cells in both DCC medium and in E 2 -supplemented medium ( Fig. 2A) . Induction of VEGF mRNA by E 2 was abolished in the c-Myc siRNA transfected cells as compared with the control siRNA transfected cells (Fig. 2B) , although estrogen activation of ERa clearly occurred in control and c-Myc inhibited cells as shown by the massive reduction in ERa (blots in Fig. 2A ). Similar experiments with MCF7-WT cells transfected with the siRNA for c-Myc yielded comparable results (not shown) indicating clearly that c-Myc plays a critical role in mediating the transient E 2 regulation of VEGF mRNA in MCF7 cells.
In order to find out whether high levels of c-Myc alone are sufficient to reproduce the E 2 induced transient induction of VEGF overexpression, MCF7-35im cells were treated with Tet. The level of c-Myc in the Tet-induced cells reached 4-fold higher levels than in cells cultivated in Tet-free, DCC medium, and was similar to the levels in E 2 treated cells (6 h) and in TetCE 2 treated cells (Fig. 2C) . However, the 16 h overexpression of c-Myc alone did not stimulate VEGF mRNA levels, as was seen in response to E 2 treatment (6 h), and Tet CE 2 (6 h; Fig. 2D ). These results indicate that the presence of high level of c-Myc alone for w16 h is not sufficient for inducing VEGF mRNA Co-binding of ERa and c-Myc on the VEGF promoter Estrogen stimulation in MCF7 cells was previously shown to enhance the interaction between ERa and c-Myc on ERa responsive promoters (Cheng et al. 2006) . This finding and our above results led us to test whether c-Myc and ERa could bind together on the VEGF promoter. Following sequence analysis of the VEGF promoter, in which we searched for an ERa binding domain in proximity to a c-Myc binding domain, we found a putative variant ERE AATCAGACTGACT (three mismatches; two and one), 1.5 kb upstream of the transcription start site (TSS), in proximity (31 bp) to a c-Myc non-Ebox CAGCTG binding domain (Fig. 3A) . Binding of ERa and c-Myc was then tested by ChIP and ChIP Re-IP, followed by PCR. The results of the ChIP assay demonstrated that ERa and c-Myc each associates with VEGF promoter, with ERa association ranging between 0.5 and 6 h and c-Myc association between 2 and 5.5 h after E 2 administration (Fig. 3B, rows 1 and 3) . Association of both ERa and c-Myc was demonstrated to occur between 1.5 and 5.5 h after E 2 administration (Fig. 3B , rows 2 and 4), with maximal binding at about 4-5 h. Overall, the binding of ERa and c-Myc to the VEGF promoter occurred within the time frame of the transient induction of VEGF mRNA (1-6 h; Fig. 1A) .
Tet-induced overexpression of c-Myc alone resulted in its low level of binding to the VEGF promoter, however, in the absence of E 2 , no binding of ERa to the c-Myc-VEGF promoter complex was detected (Fig. 3B, see arrow) , neither induction of VEGF mRNA (Fig. 2D ). These results demonstrate that both E 2 -activated ERa and c-Myc bind the same complex on the VEGF promoter. A schematic illustration of a proposed mechanism underlying the cascade of events that leads to estrogen regulation of VEGF via ERa and c-Myc is shown in Fig. 3C .
Long-term estrogen regulation of VEGF mRNA and the effect of hypoxia in vitro
The experimental conditions and hormonal treatment protocols in standard in vitro studies are very different from those in standard in vivo studies, and hence, correlation between the in vitro and in vivo results is not straightforward. Cells in vitro are cultured in estrogen-free medium and acute-estrogen treatment is applied, inducing a transient change monitored usually Endocrine-Related Cancer (2009) 16 819-834 www.endocrinology-journals.org for a short term (0.5-24 h). Cells in tumors in vivo are chronically treated with estrogen during their growth and progression, over long times (days-to-weeks). The tumor cells are continuously under estrogen treatment and investigation of estrogen regulation involves estrogen withdrawal and monitoring the effects of withdrawal for a long term (days-to-weeks). In order to better mimic the in vivo conditions we have designed non-standard in vitro protocols: the cells were cultivated for 2 days in the presence of estrogen and then divided to three groups (EWD, E 2 , and Tet) as described in Materials and methods. Similar results were obtained for estrogen regulation of the expression levels of VEGF, c-Myc and ERa on the various days of treatment (3, 4, 5 and 7; nZ2 per day). Consequently, the final results were summarized together as demonstrated in Fig. 4 (nZ8) . E 2 long term treatment resulted in a stable and significant induction of VEGF relative to the level in cells treated in DCC medium (1.9G0.1-fold increase, P!0.01; Fig. 4A ). Furthermore, long-term Tet treatment of the cells that caused elevation in c-Myc also showed a significant increase in VEGF-mRNA as compared with cells cultured in DCC medium (1.5G0.2-fold, P!0.05; Fig. 4A ). Sustained estrogen treatment also resulted in a persistent and significant (1.5-fold) increase in the levels of c-Myc (Fig. 4B ). As expected, the level of ERa was lower under the influence of sustained E 2 treatment as compared with that found in cells cultivated in DCC medium (Fig. 4C) . Overall, the long-term effect of estrogen resulted in increased stable expression levels of c-Myc and VEGF mRNA, and decreased stable level of ERa relative to the levels in cells treated in DCC medium, however, the changes were about 2-fold lower than those reached during the transient E 2 induction of the cells (Fig. 1) .
In order to mimic possible in vivo stress conditions that can occur in tumors, we also investigated the influence of hypoxic, as compared to normoxic conditions on VEGF, c-Myc and ERa levels. Cells cultivated for 4 days in the three treatment groups (EWD, E 2 , and Tet) were subjected to either hypoxic or normoxic conditions for 14 h. Hypoxic conditions induced a marked 4-fold increase in VEGF mRNA in cells cultivated in the presence or absence of E 2 as compared with the levels in EWD under normoxic conditions (P!0.01; Fig. 5A ). Similar to the long-term E 2 treatment studies described above (see Fig. 4A ), the level of VEGF mRNA in E 2 -treated cells, relative to cells grown in EWD, both under normoxic conditions, was only 2-fold higher (2.0G0.3-fold, P!0.05; Fig. 5A ). The hypoxic conditions did not affect c-Myc level and did not interfere with the induction Cells were initially cultivated in the presence of E 2 for 2 days and then divided to three groups: 1) E 2 withdrawal (EWD), 2) E 2 supplemented (E 2 ), and 3) E 2 withdrawalCTet (Tet). Cells in each group were harvested and analyzed after 3, 4, 5 and 7 days (nZ2 per each day). No significant differences in the results were found between the various days for the same treatment and hence, the results are summarized as the meanGS.E.M. fold change relative to cells in EWD (nZ8). *P!0.05, **P!0.01.
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www.endocrinology-journals.org of c-Myc by Tet; but due to experimental variations, the moderate long-term E 2 induction of c-Myc under normoxic conditions (1.5-fold as shown in Fig. 4B ) was not significant in this particular set of experiments (Fig. 5B) . However, hypoxia did reduce ERa level in cells cultivated in EWD and Tet medium, as well as in cells treated in E 2 medium (Fig. 5C ), in accord with the finding of Stoner et al. (2002) .
Overall, we showed that hypoxic conditions induces VEGF mRNA expression more than 2-fold above the level induced by long-term E 2 treatment under normoxic conditions, dominating the expression level of VEGF. These results predict an increase in the expression of VEGF mRNA when the conditions maintained under E 2 regulation are replaced by hypoxic conditions.
Estrogen regulation of VEGF and vascular function in vivo
To investigate the in vivo regulation of VEGF by E 2 and the involvement of c-Myc in this pathway, MCF7-35im cells were inoculated into the mammary fat pad of immunodeficient mice. Palpable solid tumors were developed within 3 weeks (median size 16 mm 3 ) and then the mice were randomly divided into three treatment groups (see Materials and methods): E 2 , EWD and Tet-treated (Tet) mice. The vascular function of the tumors was investigated in vivo by MRI during 20 days of treatment. VEGF level, capillary density and ERa level were measured ex vivo by immunohistochemistry at the end of the experiments.
All three treatment groups expressed considerable cytoplasmic VEGF levels (VEGF-121CVEGF-165; Fig. 6 ). The VEGF levels after E 2 withdrawal were significantly higher than those in the E 2 group (P!0.01, nZ6 in each group; Fig. 6B ), suggesting that deregulation following E 2 withdrawal led to a change in the microenvironmental conditions, such as increased hypoxia, and consequently upregulating VEGF expression (Fig. 6B) . Withdrawal of E 2 but increased c-Myc activity in the Tet-treated group led to an intermediate VEGF level between the E 2 and EWD tumors suggesting an alternative long-term regulation of VEGF by c-Myc. Measurements of VEGF-mRNA using in situ hybridization (Supplementary Figure 1 , which can be viewed online at http:// erc.endocrinology-journals.org/supplemental/) failed to provide statistically significant results due to high inter-and intra-tumor heterogeneity.
ERa immunostaining yielded quantitative results showing different levels for the three groups (Fig. 6) . The lower level of ERa in E 2 treated tumors as 
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www.endocrinology-journals.org detect significant differences in the vascular function among the three tumor groups. Analysis of the DCE-MRI datasets yielded the influx (K trans ) and efflux (k ep ) transcapillary transfer constants through the capillary walls. These transfer constants were shown to be dominated in MCF7 tumors by the product of the capillary permeability and surface area, termed permeability factor (Furman-Haran et al. 1997) .
A representative, color-coded, K trans map superimposed on the morphological T 2 -weighted image from each treatment group is shown in Fig. 7A . The transcapillary transfer constants, K trans and k ep , were found to be higher in the tumor tissue compared to the surrounding tissues (3.4G0.6-fold higher than in the muscle tissue). Notably, both transcapillary transfer constants, and hence the capillaries' permeability factor, were significantly higher in the EWD tumors as compared with E 2 tumors (P!0.01), in agreement with the higher VEGF in the EWD group. The transfer constants in the Tet-treated tumors were intermediate between the two other groups with k ep significantly lower than that in the EWD tumors (P!0.05; Fig. 7B ). These results suggested lower permeability factors in these tumors in accordance with the measured VEGF levels in the Tet-induced tumors that overexpressed c-Myc alone (Fig. 6) .
The non-invasive nature of the MRI experiments enabled us to sequentially monitor in the same tumor trans and k ep , for the three treatment groups: estrogen (nZ8), Tet (nZ5), and EWD (nZ7). For each box, the lower line represents the 25 percentile mean, the middle line the median mean, and the upper line the 75 percentile mean; statistical analysis was preformed using ANOVA, together with Dunnet's multiple comparison tests. Significant differences relative to the values in control tumors: *P!0.05, **P!0.01. (C) Temporal changes in the median values per tumor of the transcapillary transfer constant, K trans and efflux trascapillary rate constant, k ep for the estrogen and EWD groups described in A. Treatments were initiated on day 23-25 after implantation and continued up to day 45 after implantation. A fitted trend line is illustrating the pattern of dynamic changes in the transcapillary rate constants over time. (2009) 16 819-834 www.endocrinology-journals.org changes in the transfer constants during 20 days of treatment. The transfer constants in the E 2 treated tumors were found to be stable, at approximately similar values, throughout the 20 days of the monitoring (Fig. 7C ), in agreement with the stable VEGF levels reached in vitro during long-term E 2 treatment (Fig. 4C) . Withdrawal of E 2 caused an increase in both transfer constants within the first week (Fig. 7C) 
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Discussion
Estrogen regulation of VEGF expression in vitro and in vivo and of vascular permeability in vivo has been investigated in MCF7 and MCF7-35im human breast cancer cells, specifically examining the role of c-Myc in this regulation. By investigating MCF7-35im, stably transfected with an inducible c-Myc, we were able to differentiate between the cooperative role of estrogen activated ERa and c-Myc and the role of c-Myc alone in the regulation of VEGF. The use of various protocols in vitro and the extension to in vivo studies illuminated differences stemming from variations in treatments and environmental conditions.
The results show that c-Myc participates with ERa in the estrogenic regulation of VEGF but also independently regulates VEGF levels and vascular permeability when overexpressed for long periods. Hence, in addition to the increased c-Myc-induced mitogenic capacity in antiestrogen resistant cells (Venditti et al. 2002 , Doisneau-Sixou et al. 2003 , c-Myc, may also enhance tumor progression by regulating VEGF levels and capillary permeability.
The novel mechanism by which estrogen regulates VEGF expression involves the co-binding of E 2 activated ER and c-Myc on a specific site of the VEGF promoter. As the VEGF core promoter does not contain a typical estrogen-responsive element (Loureiro & D'Amore 2005), we searched for a variant ERE in proximity to the c-Myc-binding element on the VEGF promoter. A variant ERE, 1520 bp upstream to the TSS, was located near a c-Myc-binding non-Ebox element. The same element on the VEGF promoter was previously shown to bind ERa and to exhibit E 2 responsiveness (Buteau-Lozano et al. 2002) . Several estrogen-responsive regions were located on the VEGF promoter; however, only few were found to be functionally active (Hyder et al. 2000 , Mueller et al. 2000 . Alternatively, ERa and c-Myc may interact with SP proteins through binding to GC-rich motif on the VEGF promoter (K66 to K47) as was shown in ZR-75-1 cells (Stoner et al. 2004) .
The co-binding of c-Myc and ERa on the VEGF promoter in MCF7 cells is in agreement with the previous prediction of Driscoll et al. (1998) that a variant ERE with three mismatches requires the binding of an additional protein for activation. Other ER-responsive promoters have been previously found to contain both ER and c-Myc binding elements located within close proximity to each other, suggesting that ER and c-Myc physically interact to stabilize the ER-coactivator complex (Cheng et al. 2006) . However, we can not exclude that ER and c-Myc interact via bridging proteins, such as TRRAP (McMahon et al. 1998 , Cole & McMahon 1999 . Another study revealed that a direct interaction between BRCA1 and ER regulates VEGF transcription and secretion (Kawai et al. 2002) . Notably, estrogen has also been associated with HIF1a regulation of VEGF, and induced recruitment of both ER and HIF1a to the VEGF promoter in the rat uterus (Kazi et al. 2005) . Thus, the co-binding of the activated ER with other transcription factors, to non-classical binding sites on gene promoters, appears to be a common mechanism underlying estrogen regulation of gene transcription.
ERb may also have a role in the regulation of VEGF by estrogen and affect its transcription. Studies focusing on this mechanism were previously conducted using ERb transfected MCF7 and MDA-MB-231 breast cancer cells and transient transfection assays with the VEGF (K2275/C54) promoter-luciferase construct (Buteau-Lozano et al. 2002) . The results indicated different transactivational mechanisms between the two ERs and suggested that heterodimerization of ERa/ERb may inhibit estrogeninduced VEGF expression. Another study showed that ERb exerts an inhibitory effect on VEGF transcription in T47D breast cancer cells (Hartman et al. 2006) . A recent genome-wide study (Williams et al. 2008, oncogene) showed that the ERb overexpression had a repressive effect on most ERa-induced genes. MCF7 cells predominantly express ERa (Shaw et al. 2006) but the low expression of ERb may also affect estrogen regulation of VEGF. We have found that knockdown of ERb in these cells did not alter estrogen induction of VEGF mRNA and of c-Myc, neither estrogen reduction of ERa levels. These results indicate that estrogen regulation of VEGF in cells with a M Dadiani, D Seger et al.: Estrogen regulation of VEGF in breast cancer www.endocrinology-journals.org predominance of ERa is not affected significantly by ERb, although we can not exclude a role for ERb in cells with high expression levels of this receptor.
It has been shown that ERa and c-Myc levels are high in a large fraction of breast cancers and that both transcription factors are upregulated in ER-positive human breast cancer cell lines (Butt et al. 2008) . It is, therefore, reasonable to hypothesize that c-Myc involvement in the estrogen regulation of VEGF may occur in a significant fraction of breast cancers. To prove this hypothesis it is necessary to further characterize estrogen regulation of VEGF in biopsies of breast cancer patients and in cancer cells and tumors in animal models. Further studies in this direction are currently underway; in preliminary experiments we found that the time course of estrogen stimulation of c-Myc in ZR-75-1 human breast cancer cells is similar to that in MCF7 cells (unpublished results) and parallels the time course of VEGF induction in these cells, also reported by Stoner et al. (2004) .
When comparing the effects of estrogen treatment in vitro and in vivo, a disparity between the findings is expected due to several reasons. First, environmental conditions of cultured cells are different from those in tumors. In cultures, the conditions are well-controlled with time, whereas in tumors the conditions are invariably modulated with time, depending on the microvasculature perfusion efficiency. We indeed have chosen MCF7 cells for our studies, as these extensively investigated ER-positive cells develop tumors within a reasonable time frame without the need to use additives (such as matrigel) that could further modulate angiogenesis and tumor perfusion. We also monitored the tumors when they were small, minimizing the development of necrosis and of treatment-independent fluctuations in microenvironmental conditions that usually occur in large, fast-growing tumors.
Second, the in vitro and in vivo systems dictate different experimental designs of hormonal manipulation. Standard estrogen manipulation of cancer cells in vitro starts from conditions of estrogen deprivation, followed by estrogen administration, whereas in implanted tumors, estrogen must be provided for the tumors' growth and estrogen manipulation starts by E 2 withdrawal. These two types of hormonal manipulations are not comparable, or symmetric, as the in vitro manipulation evokes a regulation process and the in vivo manipulation initiates a deregulation process.
The third factor is related to the time course of the estrogenic effect; the single estrogen treatment in vitro induces transient changes in gene expression levels, whereas the long-term estrogen treatment, in vitro or in vivo, induces sustained gene expression levels. The extent of the sustained VEGF and c-Myc inductions, and of ERa reductions, during the long-term treatment of the cells in vitro, were moderate as compared to the extent of the corresponding changes during the transient induction. This phenomenon represents estrogen regulation of a steady gene expression state that simulates better the physiological conditions in the in vivo studies than the transient regulation. These results are in line with previous studies comparing in vitro and in vivo regulation of genes by estrogen, showing that fold changes observed in vitro greatly exceed those measured in vivo (Harvell et al. 2006) .
Our experimental models are, therefore, complementary and the differences between the results in vitro and in vivo stem from the above-mentioned disparities in the experimental protocols rather than from a discrepancy between the intrinsic responses of the cells. Indeed, differences between in vivo and in vitro estrogen-induced changes in gene expression were previously demonstrated in other investigations (Creighton et al. 2006 , Harvell et al. 2006 . Endocrine-Related Cancer (2009) 16 819-834 www.endocrinology-journals.org E 2 treatment of the tumors over 20 days resulted in sustained levels of VEGF and maintained stable and low capillary permeability, whereas E 2 -withdrawal led to an increase in the level of VEGF expression and of the capillary permeability, presumably due to increased hypoxic conditions. Similar increased VEGF level and capillary permeability were previously detected in MCF7 tumors upon tamoxifen treatment (Furman-Haran et al. 1997 , Bogin & Degani 2002 . These in vivo results are also in agreement with those obtained in vitro, under long-term estrogen regulation of VEGF, and as a results of hypoxic conditions (Scott et al. 1998 , Maity et al. 2001 . Further supportive evidence for the induction of VEGF by hypoxia in EWD MCF7 tumors were provided by the study of Evans et al. (1997) , showing that treatment of MCF7 tumors with tamoxifen resulted in increased hypoxia as compared with E 2 -supplemented tumors.
A schematic drawing (Fig. 8 ) based on our results shows the difference between the temporal modulations in VEGF expression levels during short term estrogen transient induction and long term estrogen treatment, followed by estrogen withdrawal and hypoxia, in vitro, as well as in tumors, in vivo, under long term estrogen treatment and after estrogen withdrawal. The similarity in the induction of VEGF after estrogen withdrawalChypoxic conditions in long term E 2 -treated cells and after estrogen withdrawal in tumors in vivo supports the hypothesis that estrogen withdrawal in tumors induces hypoxic conditions responsible for VEGF upregulation. We, therefore, suggest that in tumors under E 2 , hypoxia is less likely to develop, as VEGF levels are regulated at a stable level that allows angiogenesis, and the formation of well functioning blood capillaries, supporting tumor progression. After E 2 withdrawal, deregulation of VEGF and other E 2 regulated genes modify angiogenesis. This sequence of events leads to regional hypoxic conditions, which markedly induce VEGF expression, thereby increasing capillary permeability. The above events after E 2 withdrawal are not instantaneous and uniform for all tumors and occur within several days after E 2 withdrawal (Fig. 7C) .
In summary, we discovered a novel mechanism by which estrogen regulates VEGF expression in breast cancer cells, involving ERa activation of c-Myc and the co-binding of E 2 -activated ERa and c-Myc on the VEGF promoter. The results clearly showed that transient E 2 induction of VEGF depends on E 2 -induced upregulation of c-Myc. Long-term treatment with E 2 , as well as long-term upregulation of c-Myc induced a smaller increase in the level of VEGF as compared to the transient induction but regulated steady gene expression levels. The results also revealed the disparity between the transient in vitro regulation and the chronic in vivo regulation, highlighting the complexity of E 2 regulation in the unstable microenvironment of tumors. Investigating the effects of hypoxic conditions in vitro served to explain this disparity and suggested a sequence of events that provided a complemented picture of estrogen regulation of VEGF.
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